Abstract-This letter presents an investigation on scalloping correction in the Terrain Observation by Progressive Scan (TOPS) imaging mode for synthetic aperture radar systems with electronically steered phased array antennas. A theoretical simulation of the scalloping is performed, and two correction methods are introduced. The simulation is based on a general cardinal sine (sinc) antenna model as well as on the TerraSAR-X (TSX) antenna model. Real TSX data acquired over rainforest are used for demonstration and verification of the scalloping simulation and correction. Furthermore, a calibration approach, taking into account the special TOPS imaging mode properties, is introduced.
I. INTRODUCTION
T HE HIGH flexibility of the TerraSAR-X (TSX) instrument commanding allows for experimental synthetic aperture radar (SAR) acquisitions [1] . Therefore, it is possible to execute special instrument commands required for data acquisition in the Terrain Observation by Progressive Scan (TOPS) imaging mode [2] . This mode was first demonstrated in space with TSX [3] and is selected to be the default mode in the upcoming Sentinel-1 mission [4] , [5] . The TOPS mode provides wide swath imaging with greatly improved performance w.r.t. scalloping, signal-to-noise ratio, and azimuth ambiguity ratio compared to the ScanSAR imaging mode [6] .
The TOPS acquisition mode is a burst imaging mode, which illuminates more than one subswath to obtain a large ground coverage in elevation. Each subswath is composed of several bursts [2] . In order to perform the azimuth beam steering required during each burst, either a mechanical or an electronic beam steering has to be conducted. In the case of TSX with its phased array antenna, an electronic beam steering is applied, which is advantageous w.r.t. the beam steering velocity. The drawback of electronic steering is a small scalloping effect, which is caused by the characteristics of the phased array antenna [3] . This letter presents an analysis of this scalloping effect and two correction methods, including a verification with real TOPS SAR data. Furthermore, an additional TSX calibration step is presented, as a small systematic bias has been observed in the TSX TOPS data after the scalloping correction.
This letter is structured as follows. In Section II, the simulation approach of the scalloping is given, including the impact of steering angle quantization as well as the characteristics of the TSX beam steering. In Section III, two compensation methods for the scalloping are introduced. Finally, Section IV shows the performance of these methods by means of real TSX data. Section V describes a method to calibrate the TOPS data w.r.t. the TSX antenna model.
II. THEORY AND SIMULATION OF SCALLOPING
Scalloping in the TOPS imaging mode is a varying image intensity due to the electronic beam steering realized by means of a phased array antenna. The pattern of an array antenna can be expressed by the array element pattern multiplied by an array factor [7] . Fig. 1 shows the impact of the element pattern on the array gain, where the maximum gain is obtained at boresight becoming reduced at steered directions [3] . This causes the scalloping effect in the TOPS SAR image. It is, in fact, different to ScanSAR scalloping, where the intensity variation is caused by the varying slices of the antenna main lobe, which illuminate targets at different azimuth positions within the burst image [6] .
A. Methodology
The analysis of the scalloping in the TOPS mode requires only the consideration of a single burst as, in principle, the characteristics are repeated for every burst within each subswath. Note that small variations from subswath to subswath can occur due to different pulse repetition frequencies (PRFs) or slightly different steering angles. The simulated burst intensity 1545-598X/$26.00 © 2011 IEEE of a burst in the TOPS mode is based on the geometry shown in Fig. 2 . The evaluation of the amplitude a k of a single illuminated target k is described by (1) . Basically, an integration of the raw data, i.e., of the received signals, is performed, where only the magnitude is considered. This means that the azimuth phase modulation is assumed to be corrected. The magnitude g az of the azimuth antenna amplitude pattern (one way) for each look direction is obtained by considering the varying steering direction of the different beam patterns during a single burst. This can be written as
where s(r 0 , k) represents the received echo signal except for g az and is set to one for the sake of simplicity. r 0 is the slant range in the zero-Doppler plane, N is the number of pulses per beam, and M is the number of beams per burst. Therefore, n and m represent the azimuth time. The steering angle of the beam θ (m) steer defines the azimuth steering direction of the pattern for the transmit (TX) and receive (RX) cases. The look direction or azimuth antenna pattern angle θ(r 0 , k), under which the target sample k is seen, is limited by the processed beamwidth
According to (1) and Fig. 2 , the quantized steering of the antenna main lobe follows a sequence of beams with different steering angles for each target. This means that, first, the amplitudes of all pulses in the first beam are summed up for each illuminated target sample. Second, this is repeated for every beam. This sum over all beams results in an amplitude for each target sample. A calculation for all targets k is necessary to obtain the burst intensity characteristic (see Fig. 3 ).
B. Quantization of Azimuth Beam Steering Angles
The azimuth steering angle quantization is dependent on the instrument capabilities. In TSX, a constant steering angle is kept for a number of pulse repetition intervals (PRIs), i.e., a quantization of the steering angle is performed. Generally, the optimal case is a beam steering angle adaptation for each PRI. Therefore, the smallest possible quantization is given by the PRF. In this case, the steering is assumed to be continuous. In order to simulate the different azimuth beams, an array antenna model is used, where the single element pattern is based on a sinc function (sin(x)/x). The magnitude can be described by [7] 
where λ is the wavelength, d is the azimuth spacing between the phase centers of the antenna elements, G 0 is the antenna element power gain, and W az and W el are the numbers of azimuth and elevation antenna elements, respectively. For TSX, W az is 12, W el is 32, and d is 0.4 m. The sinc function represents the element factor, and the sum over the exponential function represents the array factor. The resulting two-way gain is shown in Fig. 1 . The simulation of a continuous beam steering with the applied data take configuration in Table I , i.e., a TSX azimuth steering range of [−0.48
, typical in the case of four subswaths, results in the burst intensity characteristic, i.e., the scalloping [ Fig. 3(a) ]. It follows directly from the variation of the antenna element factor, shown in Fig. 1 . The absolute difference, i.e., the scalloping, is around 0.15 dB. An azimuth beam steering with 38 azimuth beams per burst and an equidistant quantization of 0.026
• results only in a small periodic deviation of the intensity characteristic and a slightly lower absolute intensity, as can be seen in Fig. 3(b) . Details about the influence of different quantizations are investigated in [3] . Note that the scalloping would be around 0.5 dB for the maximum nominal steering angle of TSX (0.75
• ). 
C. Azimuth Beam Steering of TSX
As TSX was not designed for the TOPS imaging mode, it is a challenge to optimize the TOPS acquisition parameters in order to meet the desired performance requirements, taking into account the instrument constraints. The same real data take configuration parameters (see Table I ) as those used in Section II-B are also used for the simulation in this section. The crucial difference is the application of the TSX reference antenna patterns (see Section V-A). The result in Fig. 4(a) (solid line) shows a clearly visible scalloping in the range of 0.25 dB. Compared to Fig. 3(b) , the scalloping characteristic is deviating, although the steering parameters in both simulations were equal. These deviations can be explained by a closer look at the reference patterns. The first deviation, the difference in the gain level at the beginning (−0.3 dB) and the end (−0.2 dB) of the burst, can be explained by a slight maximum gain bias between the forward-and backward-looking beams, i.e., the element pattern is not perfectly symmetrical. The reference beams looking backward have up to 0.1 dB less gain than the corresponding forward-looking ones. Note that these variations are on the same order of magnitude as the accuracy of the antenna pattern gain, i.e., ∼0.2 dB (see Section V-A). The second deviation is the intensity shape variation, which follows from the fact that the resulting beam steering angle quantization of the reference antenna patterns is nonequidistant. The quantization varies between 0.0185
• and 0.0305
• with a mean of 0.026
• , which is identical with the nominal quantization of this subswath. This can be verified by using the sinc-function-based antenna model from Section II-B, together with the varying steering angle quantization, yielding the same characteristic, shown in Fig. 4(a) (dotted/blue line). It can be concluded that a coarse nonequidistant steering angle quantization has a considerable impact on the scalloping characteristic.
III. CORRECTION OF SCALLOPING

A. Correction on Raw Data Level
This method for scalloping correction is based on an equalization of the individual pattern amplitude of each steered azimuth beam and is applied to the SAR raw data directly. For each steered azimuth beam, the ratio of the maximum amplitude 
Finally, the antenna pattern amplitude of each steered azimuth beam is weighted over its whole beamwidth θ proc by the same resulting scalar compensation factor c (m) TX/RX , representing always the ratio of the maximum amplitudes. According to (1), the compensated burst amplitude for one target sample is then
steer,RX .
The compensation factors for all beams in a single burst are shown in Fig. 5 (red line). Obviously, it represents also the theoretical raw data intensity distribution within a burst. Fig. 4(b) shows that an almost perfect compensation is possible for the continuous and equidistantly quantized cases. The application of the correction to the TSX case results in the burst intensity shown in Fig. 4 (a) (red/dashed). The main scalloping effect induced by the antenna element pattern can be compensated, but the intensity variation due to the nonequidistant beam steering still remains.
B. Correction on Image Data Level
The second method for the correction of the scalloping is the direct application of the simulated scalloping intensity (Fig. 4(a) , solid line) on the focused image data, i.e., on each azimuth burst line. Assuming that the simulated scalloping for all bursts in the corresponding subswath is valid, the multiplication of the focused data with the inverse of the simulated scalloping intensity will obviously result in a complete removal of the scalloping characteristics, including the nonideal quantization effect imposed by the TSX patterns. Therefore, the level of compensation is determined by the overall simulation accuracy and the antenna pattern accuracy. In summary, this method implies an additional step, namely, the simulation of the scalloping and its application to the image data after SAR processing, contrary to the former method, which is applied directly to the raw data before SAR processing.
IV. DEMONSTRATION OF CORRECTION WITH TSX DATA
A TSX TOPS data take over the Amazon Rainforest in Brazil, South America, with relatively homogeneous backscatter was acquired to verify the correction methods. Table I contains the acquisition parameters.
A. Demonstration of Correction on Raw Data Level
In Fig. 5 , the computed theoretical scalloping using the TSX reference patterns, the measured azimuth raw data profile for all bursts, and the final corrected profile are shown. The staircase effect is caused by the beam steering angle quantization. Furthermore, the jumps downward within the staircase profile are caused by changing the beams between pulse transmission and reception, which always differ by the number of traveling pulses. This has to be taken into account since the TX and RX patterns are not equal during these pulses. The figure proves a very good correlation between the theoretical scalloping and the one measured in the raw data. In particular, the jump sequence fits very well with the real data profile. This is more apparent in subswath 3, where the number of switched azimuth beams is smaller (cf. Table I ). A small deviation between both profiles can be observed for the negative squint angles. This becomes evident in the corrected profiles (green line). The overcorrection results from a slight deviation in the azimuth element pattern, i.e., the backward-looking reference patterns have less amplitude than the real beams. This observation could be confirmed by a second independent TOPS rainforest data take at a different date. Considering the TSX antenna model (Section V-A), this systematic variation of up to 0.15 dB in Fig. 5 is well within the specifications for the antenna patterns (±0.2 dB) .
The scalloping in the azimuth image profile in Fig. 6(a) is clearly visible in each of the eight bursts. Note that the last two bursts still show scalloping but the overall backscatter level is increased due to some heterogeneity in the scene. Fig. 6(b) shows the third burst in more detail. It shows again, compared to the simulated burst intensity shown in Fig. 4(a)  (solid line) , that the measured backward-looking beam intensity is slightly higher than the one of the TSX reference patterns. The nonequidistant quantization effect, i.e., the specific burst shape, is observable but not very distinctive. In the corrected azimuth image profile in Fig. 6 (c) (eight bursts) and (d) (third burst), the effect of overcorrection detected in the raw data profile can be observed again at the negative steering angles in all bursts. Fig. 7(a) shows the corrected azimuth image profile based on the correction on image data level. It shows indeed a removed scalloping compared to Fig. 6(a) but still an overall intensity variation on the same order of magnitude as the former scalloping, i.e., 0.2 dB relative to the mean backscatter. This results from the assumption of a homogeneous scene and using always the same correction function or theoretical scalloping intensity, respectively, for all bursts. However, in fact, the shape of each burst is slightly different from the simulated scalloping intensity, and the scene is not totally homogeneous, as already stated in Section IV-A. Similar as in Section IV-A, the overcorrection can be observed again in all bursts, e.g., burst 3 [ Fig. 7(b) ].
B. Demonstration of Correction on Image Data Level
V. TOPS CALIBRATION AND TSX ANTENNA MODEL
The residual image intensity variation in the scallopingcorrected TOPS bursts in Section IV shows that the TOPS mode needs a very precise calibration w.r.t. the steered azimuth beams. This section shows that the observed bias can be used either to correct this residual variation or to refine the calibration of the reference antenna patterns of the steered azimuth beams. Therefore, this raw data correction turns out to be a very advantageous calibration method to calibrate many different steered azimuth beams at once.
A. TSX Antenna Model
The TSX reference patterns consist of a set of antenna patterns for all available azimuth beams of the TSX instrument with a pointing accuracy of 0.002
• in flight direction. These patterns are synthesized patterns and are based on an accurate mathematical antenna model [8] . This approach was chosen due to the huge amount of more than 10 000 possible beams of TSX and, at the same time, its flexibility to modify these or to even design new beams in orbit without recalibration. This is possible by employing, first, the on-ground measured antenna patterns of the individual subarrays, the so-called embedded patterns, and, second, the actual beam excitation coefficients defining the beam. The requirement of ±0.2 dB for the accuracy of the beam gain variation was verified for the boresight azimuth pattern but not explicitly for steered azimuth beams and, therefore, not for the beam-to-beam gain variation in azimuth.
B. TOPS Calibration and Application to TSX Data
The raw data profiles presented in Fig. 5 show a very small systematic error characteristic w.r.t. the profile from the reference patterns. In order to correct this behavior, a common offset could be determined by several homogeneous rainforest acquisitions. Differences in the absolute scalloping due to different maximum steering angles have to be considered as well as incidence angle dependences. A calibration function can be retrieved by averaging, which can be applied to all TOPS data sets in order to overcome the residual bias. In the case of raw data correction, the calibration function is applied directly to the data before SAR focusing. In the case of image data correction, this offset has to be included into the scalloping simulation from which the scalloping correction function for the image data is obtained.
For demonstration purposes, a fit over the corrected profiles of eight subswaths (two scenes) was performed covering a large incidence angle range and approximately the same maximum steering angles [ Fig. 8(a) ]. The scalloping-and bias-corrected raw data profile of subswath 1 is shown in Fig. 8(b) . Finally, Fig. 9 shows the corresponding azimuth image profile.
VI. CONCLUSION
In principle, the TOPS mode as a wide swath imaging mode benefits from the absence of scalloping. However, in the case of electronic beam steering, a small scalloping is present, resulting from the antenna element pattern. This letter has shown two methods for overcoming this effect, one based on raw data level and the other based on image data level. The approaches were tested and validated with simulated as well as with real TSX data. Both the simulated scalloping and the measured scalloping are very small (0.2 dB). Therefore, despite the very good absolute antenna model accuracy (≤ 0.2 dB), the relative accuracy of the azimuth patterns is the limiting factor for the scalloping correction. However, generally, scalloping correction is desired, since larger maximum steering angles imply also a larger scalloping. Both correction methods show a very good performance with TSX data and yield comparable results. The raw-data-based method is more promising, as it can be applied directly to the data prior to SAR processing, whereas the image-data-based method requires an additional simulation step and a SAR postprocessing correction. Additionally, the raw data correction can be easily verified by an equalized raw data profile, which provides the opportunity for a databased calibration approach. In order to correct for a very small systematic bias in the gain of the backward-steered azimuth beams within the absolute TSX antenna model accuracy, several averaged scalloping-corrected raw data profiles were used to derive a correction function and to radiometrically correct the TOPS acquisition. This avoids a recalibration of each single beam and can be also used for an efficient calibration of all steered azimuth beams of a SAR system.
